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ABSTRACT 

The activating transcription factor 4 (ATF4) 
promotes transcriptional upregulation of specific 
target genes in response to cellular stress. ATF4 
expression is regulated at the translational level 
by two short open reading frames (uORFs) in its 
5 -untranslated region (5 -UTR). Here, we describe 
a mechanism regulating ATF4 expression in trans- 
lation termination-deficient human cells. Using 
microarray analysis of total RNA and 
polysome-associated mRNAs, we show that deple- 
tion of the eucaryotic release factor 3a (eRF3a) 
induces upregulation of ATF4 and of ATF4 target 
genes. We show that eRF3a depletion modifies 
ATF4 translational control at regulatory uORFs 
increasing ATF4 ORF translation. Finally, we show 
that the increase of REDD1 expression, one of the 
upregulated targets of ATF4, is responsible for the 
mTOR pathway inhibition in eRF3a-depleted cells. 
Our results shed light on the molecular mechan- 
isms connecting eRF3a depletion to mammalian 
target of rapamycin (mTOR) pathway inhibition 
and give an example of ATF4 activation that 
bypasses the signal transduction cascade leading 
to the phosphorylation of elF2ot. We propose that 
in mammals, in which the 5-UTR regulatory 
elements of ATF4 mRNA are strictly conserved, 
variations in translation termination efficiency 
allow the modulation of the ATF4 response. 



INTRODUCTION 

The activating transcription factor 4 (ATF4 also known as 
CREB-2) is an ubiquitous basic/leucine zipper domain 
transcription factor that belongs to the cAMP-responsive 
element binding (CREB) protein family (1,2). ATF4 plays 
a central role in evolutionarily conserved mammalian 
stress response pathways. These stress response pathways, 
collectively referred to as the integrated stress response (3), 
involve phosphorylation of the oc-subunit of eukaryotic 
initiation factor-2 (eIF2) by a family of eIF2 kinases 
that are each activated by different stresses. One of the 
well-characterized stress responses is the unfolded protein 
response (UPR), an endoplasmic reticulum (ER) stress 
induced by the accumulation of unfolded proteins result- 
ing from conditions, such as glucose deprivation, altered 
calcium levels and hypoxia. UPR enhances the activity of 
the eIF2oc kinase PERK (4,5). Phosphorylation of elF2a is 
also enhanced by three other kinases, GCN2 in response 
to amino acid limitation, UV irradiation and proteasome 
inhibition (6-8), HRI, which is regulated by heme defi- 
ciency and oxidative stress (9,10) and PKR, a major com- 
ponent of the interferon antiviral response that is 
stimulated by dsRNA (11,12). Phosphorylation of elF2oc 
at Ser5 1 inhibits general protein synthesis by blocking the 
exchange of eIF2-GDP to eIF2-GTP, which is required 
for binding of initiator tRNA to the small ribosomal 
subunit. Concomitant, with the general inhibition of 
translation, phosphorylation of eIF2a selectively promotes 
translational upregulation of a specific subset of mRNAs 
that carry short open reading frames (uORFs) in the 5'- 
untranslated region (5'-UTR) preceding the functional 
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coding sequence. ATF4 mRNA 5'-UTR contains two such 
uORFs that modulate ATF4 protein expression when 
eIF2a is phosphorylated. It has been clearly established 
that the organization of these 5'-UTR uORFs is essential 
for the ATF4 response to stress (13-15). When the levels 
of eIF2-GTP are high, in non-stressed cells, ribosomes 
translate the 5'-proximal uORFl. After completing trans- 
lation termination, the small ribosomal subunit resumes 
scanning downstream uORFl, recharges the eIF2 GTP 
Met-tRNA Met ternary complex and reinitiates translation 
at the next coding region, uORF2, which overlaps the 
ATF4 ORF. Thus, translation of uORF2 prevents trans- 
lation of ATF4 ORF. When the levels of eIF2-GTP are 
low, i.e. upon phosphorylation of eIF2oc in response to 
stress, small ribosomal subunits that resume scanning 
after completing translation of uORFl, are not recharged 
with eIF2-GTP-Met-tRNA Met when they reach the 
uORF2 AUG ~90 bases downstream uORFl and thus 
bypass uORF2. The additional 100 bases separating 
uORF2 AUG from the following AUG, that is ATF4 
ORF start codon, are sufficient to allow the binding of 
the ternary complex to the small ribosomal subunit and 
the translation of ATF4 ORF (14,15). It has been 
observed that the organization of ATF4 5'-UTR uORFs 
and the distances separating uORFl, uORF2 and ATF4 
ORF AUGs are strictly conserved among vertebrates (15). 
The increased translation of ATF4 during stress condi- 
tions induces the transcriptional activation of specific 
target genes that contain ATF4 responsive elements such 
as the amino acid response element (AARE) in their 
promoter (16). Microarray analyses in cultured mamma- 
lian cells showed that ATF4 controls many genes involved 
in amino acid metabolism, in transport and in redox 
chemistry (3). Recent reviews on the pathways activated 
in response to stresses point out the complexity of these 
adaptive responses serving to limit the detrimental effects 
of stress and to remedy the cellular disturbance (17,18). In 
mammalian cells, multiple stress sensors initiate comple- 
mentary signaling pathways, all of which can regulate 
transcription. Moreover, it is now clear that these stress 
response pathways are interconnected into a complex sig- 
naling network that plays a central homeostatic role in 
normal vertebrate physiology (19-21). 

Translation terminates when a stop codon enters the A 
site of the elongating ribosome. In eukaryotes, two release 
factors, eRFl and eRF3, associated in a complex are 
required for this process: eRFl recognizes stop codons 
and activates the ribosome peptidyl transferase center, 
which triggers the release of the polypeptide, whereas 
eRF3 facilitates eRFl activity through its GTPase 
activity (22,23). In connection with its role in translation 
termination, eRF3 has also been implicated in mRNA 
decay through its interaction with the poly(A)-binding 
protein PABP (24), and in the nonsense-mediated 
mRNA decay pathway through its interaction with Upfl 
(25) when termination takes place at premature stop 
codons. Depletion of release factors decreases translation 
termination efficiency and promotes translational 
readthrough of stop codons (23,26,27). In mammals, two 
distinct proteins, eRF3a and eRF3b, are able to function 
as release factors. However, it has been shown that eRF3a 



is the main factor acting in translation termination (26). 
The GSPT1 gene encoding eRF3a is expressed in a 
proliferation-dependent manner (28), and eRF3a is sub- 
jected to proteasomal degradation when not associated to 
eRFl (29), suggesting that eRF3a plays a key role in the 
modulation of translation termination efficiency. 

eRF3 was first identified in a screen for mutants affected 
in the Gl-to-S-phase transition in Saccharomyces 
cerevisiae (30). Consistent with this report, experiments 
utilizing RNA interference to deplete eRF3a in human 
cells have shown that eRF3a depletion inhibited the 
mTOR signaling pathway, thereby causing cell cycle 
arrest at Gl phase (31). Although these data suggested 
that eRF3 may have non-translational functions, the 
fact that eRF3a GTP-binding activity was required to 
restore Gl-to-S-phase progression in eRF3a-depleted 
cells indicated that eRF3a involvement in mTOR inhib- 
ition was a consequence of translation termination disrup- 
tion. Here, we further characterize the consequences of 
human eRF3a depletion with the aim to understand the 
mechanism responsible for mTOR pathway inhibition. 
First, using microarray analysis of total RNA and 
polysome-associated mRNAs, we show that eRF3a deple- 
tion induces upregulation of the transcriptional activator 
ATF4 and of genes that are under the control of ATF4. 
Second, we show that eRF3a depletion modifies ATF4 
translational control at upstream regulatory ORFs 
(uORFs) increasing ATF4 ORF translation. Finally, we 
show that the increased REDD1 expression, one of the 
upregulated targets of ATF4, is responsible for the 
mTOR pathway inhibition in eRF3a-depleted cells. Our 
results shed light on the molecular mechanisms connecting 
eRF3a depletion to mTOR pathway inhibition and give 
an example of ATF4 activation that bypasses the signal 
transduction cascade leading to the phosphorylation of 
eIF2a. We propose that in mammalian cells, in which 
the 5'-UTR regulatory elements of ATF4 mRNA are 
strictly conserved, variations in translation termination ef- 
ficiency allow the modulation of the ATF4 response. 

MATERIALS AND METHODS 

Plasmids and short interfering RNA 

Plasmid p5'-UTR-ATF4-FLUC was constructed by 
reverse transcription of HCT116 cell total RNA 
followed by PCR amplification of human ATF4 cDNA 
using ATF4 5'-UTR-fw and -rev oligonucleotides 
(Table 1) containing Nhel and BamHI restriction sites 
for cloning in the Nhel and BamHI sites of pTK-FLUC 
expression vector. Plasmid pTK-FLUC is a derivative of 
pRL-TK vector (Promega) that contains the firefly 
luciferase gene instead of Renilla luciferase gene. 
Plasmids expressing small interfering RNAs sh-3al and 
sh-3a9 (targeting eRF3a mRNA) have been previously 
described (26). Plasmids ptRNAam, ptRNAop and 
ptRNAoc expressing amber, opal and ochre suppressor 
tRNAs, respectively, have been described in (31). 
Plasmids pSUPERpuro-hUpfl/I and pSUPERpuro- 
hUpfl/II targeting two different sequences in human 
Upfl (32) and pSUPERcontrol with the non-silencing 
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Table 1. Oligonucleotides used in this study 



Name 



Sequence 5'—* 3' 



ATF4 probe 

B2M probe 

FLUC probe 

ATF4 5'UTR-fw 

ATF4 5'UTR-rev 

ATF4 qPCR fw 
ATF4 qPCR rev 
REDD1 qPCR fw 
REDD1 qPCR rev 
CHOP qPCR fw 
CHOP qPCR rev 
TRIB3 qPCR fw 
TRIB3 qPCR rev 
ASNS qPCR fw 
ASNS qPCR rev 
B2m qPCR fw 
B2m qPCR rev 
GSPT1 qPCR fw 
GSPT1 qPCR rev 
ACTB qPCR fw 
ACTB qPCR rev 
Hs_DDIT4_6 (R6) 
Hs_DDIT4_9 (R9) 



GCTTCCTATCTCCTTCAGTGATAT 

CCACTTCACTGCCCAG 
TTCAAACCTCCATGATGCTGCTTACA 

TGTCTCGATCCCAC 
TCCTTAGAGAGGGGAGCGCCACCA 

GAAGCAATTTCGTGTA 
TTCTAGCTAGCCCGCCCACAGATGTA 

GTTTTC 

CGCGGATCCACAGCCAGCCATTCG 

GAGGA 
CCAACAACAGCAAGGAGGAT 
GGGGCAAAGAGATCACAAGT 
GAGGAAGACACGGCTTACCT 
CCACCTGGCTTACCAACTG 
CAGAACCAGCAGAGGTCACA 
AGCTGTGCCACTTTCCTTTC 
TGGTACCCAGCTCCTCTACG 
GACAAAGCGACACAGCTTGA 
ATCACTGTCGGGATGTACCC 
CTTCAACAGAGTGGCAGCAA 
TATCCAGCGTACTCCAAAGA 
GACAAGTCTGAATGCTCCAC 
GAGGAGGAAGAGGAAATCCC 
TCCTTTTGTCAACCATTCCA 
TCCCTGGAGAAGAGCTACGA 
AGCACTGTGTTGGCGTACAG 
CAGTACTGTAGCATGAAACAA" 
AAGAAGCTGTACAGCTCGGAA" 



"Target sequence in human REDD1 gene. 



shRNA sequence (5'-ATTCTCCGAACGTGTCACG-3') 
used as negative control shRNA (sh-Ctrl) were a 
generous gift of 0. Miifilemann. 

Predesigned short interfering RNAs (siRNAs) directed 
against human DDIT4/REDD1: Hs_DDIT4_6 siRNA 
(si-R6) and Hs_DDIT4_9 siRNA (si-R9) and AllStars 
Negative Control siRNA were obtained from Qiagen 
(see target sequences in Table 1). 

Cell culture, electroporation and transfection 

The HCT116 cell line (ATCC number : CCL-247) was 
maintained in McCoy medium (Invitrogen) supplemented 
with 10% fetal calf serum, lOOug/ml streptomycin and 
100 U/ml penicillin at 37°C under 5% C0 2 atmosphere. 
The 2XAARE-TRB3-TK-LUC construct used for the 
stable HeLa cell line was previously described (33). This 
construct was cloned into a lentiviral expression vector 
(34) and HeLa cells were then infected with these lentiviral 
particles. These cells were cultured in Dulbecco's 
modified Eagle's medium containing 10% fetal calf 
serum, lOOug/ml streptomycin and 100 U/ml penicillin 
at 37°C under 5% C0 2 atmosphere. 

Electroporation of cells was performed as described (26) 
with a Gene pulser II electroporation system (Bio-Rad) 
using 4.8 x 10 6 cells and 10 fig of plasmid DNA. eRF3a 
depletion by RNAi was performed with sh-3al and sh-3a9 
as described (26). Electroporated cells were collected 
24-72 h after electroporation as indicated. Knockdown 
of hUpfl by RNAi was induced by co-transfection 
of an equimolar mix of pSUPERpuro-hUpf 1 /I and 



pSUPERpuro-hUpfl/II plasmids (32). When electropor- 
ation was followed by transfection, electroporated cells 
were seeded in 6-well plates. Transfection was carried 
out using Lipofectamine 2000 (Invitrogen) and either 
0.1-0.2 ug/well of plasmid DNA (Luciferase experiments) 
or lOOpmol/well of predesigned siRNA (REDD1 silencing 
experiments) according to the manufacturer's instructions. 
Typically, cells were treated for further analyses 24 h after 
transfection. 

Polysome fractionation, RNA isolation, mRNA stability 
and northern blot analysis 

Isolation of polysomes and polysome analysis were per- 
formed according to (31). RNA isolation from polysomal 
fractions was performed as described in (35). After ethanol 
precipitation, the RNA pellets corresponding to polysome 
fractions, typically fractions 1-9; see Figure 8 in (32) were 
resuspended in water and pooled. 

For mRNA stability analysis, 48 h after electropor- 
ation, the cells were incubated for various times in fresh 
culture medium containing actinomycin D (5 ug/ml). 
RNA isolation and northern blotting were performed as 
described (35). The membranes were hybridized with 
oligonucleotide probes (Table 1) 32 P-labeled with T4 poly- 
nucleotide kinase (Biolabs) and purified using QIAquick 
Nucleotide Removal kit (Qiagen). A mix of two oligo- 
nucleotides (Table 1), including [^-microglobulin (B2M) 
probe that served as a loading control, was used for hy- 
bridization. The membranes were washed under stringent 
conditions, exposed to phosphor screen and signals were 
analyzed using the Storm 860 Imaging system (Molecular 
Dynamics) and the ImageQuant software. 

Microarray hybridization and data analysis 

For gene expression profiling, we processed two independ- 
ent replicates for total RNA and three independent repli- 
cates for polysome-associated RNA from control (sh-Ctrl) 
and eRF3a-depleted (sh-3al) cell preparations. cRNA was 
synthesized, amplified and purified using the Illumina 
TotalPrep RNA Amplification Kit (Ambion) following 
manufacturer's recommendations. Briefly, 200 ng of 
RNA was reverse transcribed. After second strand synthe- 
sis, the cDNA was transcribed in vitro and cRNA labeled 
with biotin-16-UTP. Labeled probes were hybridized in 
triplicate to HumanHT12-v3 Expression BeadChips 
(Illumina) using Illumina's protocol. The Beadchips were 
scanned on the Illumina IScan using Illumina IScan image 
data acquisition software. Illumina GenomeStudio 
software was used for preliminary data analysis. Raw 
microarray intensity data were background subtracted 
and normalized using the 'normalize quantiles' function 
in the GenomeStudio Software. We used the detection 
P-vals as flags, flag = 0, if P > 0.05 and flag = 1, if 
P< 0.05. Each tested probe list have been created filtering 
probes flagged ' 1 ' for at least half of the chips involved in 
the comparison. The group comparisons were done using 
Student's ?-test. To estimate the false discovery rate 
(FDR), we filtered the resulting P- values at 5% and 
used the Benjamini and Hochberg FDR correction (36). 
Microarray data have been deposited at MIAME and can 
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be accessed at http://www.ebi.ac.uk/arrayexpress/. 
Experiment name: OJeanJean_eRF3a_ATF4, 
ArrayExpress accession: E-MEXP-3512. 

Real-time quantitative PCR analysis 

Total RNA was extracted 72 h after electroporation using 
NucleoSpin RNAII Kit (Macherey-Nagel) and treated 
with DNase 1, Amp Grade (Invitrogen) prior to cDNA 
synthesis. Total RNA (1 ug) was reverse transcribed with 
200 U of Superscript® II Reverse Transcriptase (Invitro- 
gen) using 100 uM of random hexamer primers according 
to manufacturer's instructions. Real-time PCRs were per- 
formed on a LightCycler®480 System (Roche Applied 
Science) in 96-well plates. A master mix containing 
0.5 uM of forward primer, 0.5 uM of reverse primer and 
5ul LightCycler SYBR Green I Master (Roche 
Diagnostics) was prepared for each target or reference 
gene mRNA. Primer pairs are listed in Table 1. Reactions 
were carried out in 10 ul with 4ul of cDNA from a lOOx 
dilution of the RT reaction as PCR template and 6 ul of 
master mix. Serial dilutions of a mixture of all cDNAs 
were used to generate a PCR standard curve. The 
LightCycler run protocol was as follows: denaturation 
and hot-start enzyme activation program (95°C for 
5min), amplification and quantification program 
repeated 50 times (95°C for 10 s, 60°C for 15 s and 72°C 
for 15 s with a single fluorescence measurement), melting 
curve program (65-95°C with a heating rate of 0.1°C/s 
and a continuous fluorescence measurement), and finally 
a cooling step to 40°C. All reactions were performed in 
triplicate in each 96-well plate. A negative control without 
cDNA template was run with every assay to assess the 
overall specificity. Absence of genomic DNA contamin- 
ation was assessed using enzyme lacking reverse tran- 
scriptase reactions as template (no-RT). Data were 
analyzed using the Roche LightCycler®480 software and 
CP was calculated by the Second Derivative Maximum 
Method. The relative expression ratio of a target gene 
was calculated as described (37), based on real-time 
PCR efficiencies. The amount of the target mRNA was 
examined and normalized to the Actb ((3-actin) and B2m 
reference gene mRNAs. Results were expressed as the 
ratio of mRNA of eRF3a-depleted cells relative to that 
of control cells. 

Luciferase assays 

For dual luciferase assay, transfection of electroporated 
cells was carried out in 6-well plates using Lipofectamine 
2000 (Invitrogen) according to the manufacturer's instruc- 
tions. A mix of lOOng of pRL-TK and 200 ng of p5'-UTR- 
ATF4-FLUC was used for transfection. Twenty-four 
hours after transfection, cells were resuspended in 
passive lysis buffer (Promega) and the firefly and Renilla 
luciferase activities were measured in triplicate using the 
Dual-luciferase Reporter Assay kit (Promega) according 
to the manufacturer's instructions with a Wallac 1420 
VICTOR2 luminometer (PerkinElmer). The average 
values and the ratios of firefly to Renilla luciferase 
activity were calculated. 



For the 2XAARE-TRIB3-TKLUC cell line, 48 h after 
electroporation with sh-3al directed against eRF3a 
mRNA or control shRNA, cells were resuspended in 
passive lysis buffer (Promega) and the firefly luciferase 
activities were measured in triplicate using the Dual 
luciferase Reporter Assay kit (Promega) as described 
above. Protein concentrations in extracts were determined 
using Bradford Reagent (Sigma), bovine serum albumin 
being used as standard. Luciferase activity was calculated 
as the ratio of light units to microgram of protein and 
expressed as relative light units (RLUs). 

Western blot analysis 

Cell pellets were resuspended in 25-100 ul of a lysis buffer 
(50 mM Tris-HCl, pH 8, 120 mM NaCl, 1% NP40, 1 mM 
EDTA) containing 2x Complete EDTA-free cocktail of 
protease inhibitors and 1 x phosphatase inhibitor cocktail 
(Roche) and 1 ug/ml pepstatine. Cells were lysed by son- 
ication on ice, centrifuged for 20 min at 16 OOOg and super- 
natant retained as cell extracts. Protein concentrations of 
extracts were determined using Bradford Reagent (Sigma), 
bovine serum albumin being used as standard. For each 
sample, 30 ug of total protein were loaded on polyacryl- 
amide gel and subjected to electrophoresis. Western 
blotting was then performed as described (31). Antibodies 
directed against human eRF3a were previously described 
(26). Rabbit polyclonal antibodies against human REDD1 
(10638-1-AP) were purchased from Proteintech. Anti- 
bodies against Asparagine synthetase (ASNS, C-14), 
ATF4 (sc-200) and (3-actin (sc-7210) were purchased 
from Santa Cruz Biotechnology. Antibodies directed 
against eIF2oc, phospho-eIF2oc (Ser51), 4E-BP1, 
phospho-4E-BPl (Thr37/46), S6, phospho-S6(Ser240/ 
244), S6K1, phospho-S6Kl (Thr389) were purchased 
from Cell Signaling Technology. The anti-a-tubulin 
antibody (DM1A) was from GE Healthcare. Proteins 
were detected by chemiluminescence and exposure to 
X-ray film. Signal intensities from each western blot 
were quantified using the ImageJ 1.44p software (NIH) 
after densitometric scanning of the films. 

RESULTS 

Microarray analysis of eRF3a depletion in human cells 

We previously showed that eRF3a depletion in the human 
colon carcinoma cell line HCT116 p53 +/+ induces mTOR 
signaling pathway inhibition (31), suggesting that eRF3a 
belongs to a regulatory process that modulates mTOR 
activity. However, the molecular mechanism and the 
precise role of eRF3a remained to be determined. Here, 
to elucidate the mechanism dictating mTOR signaling 
pathway inhibition, we aimed to define the transcript ex- 
pression and polysome profiles of HCT116 cells after 
siRNA-mediated depletion of eRF3a. Three days after 
HCT116 cell electroporation with either sh-3al, which 
was previously shown to effectively silence eRF3a (26), 
or non-silencing control shRNA (sh-Ctrl), total and 
polysome-associated RNAs were extracted and we con- 
ducted a microarray analysis of differentially expressed 
genes using the Illumina HumanHT-12 Expression 
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BeadChips. Informative genes were selected as having a 
'present' call in at least half of the samples in each condi- 
tion (sh-3al and sh-Ctrl). The resulting gene lists were 
filtered such that only probes with a detection / > <0.05 
and an average differential expression score >1.5 
were included [see Supplementary files Sl-RNA and 
S2-Polysome, and 'Materials and Methods' section for 
the details of the statistical analyses]. The P- value of the 
moderated /-test was adjusted with a Benjamini and 
Hochberg multiple test correction procedure (36) to 
identify statistically significant differentially expressed 
genes. We then selected all genes that had an 
FDR < 0.05 and fold change larger than 2. Using this 
metric, 36 genes were identified in the total RNA 
fraction as upregulated in cells with sh-3al targeting 
eRF3a compared to cells with the control sh-RNA 
(Table 2). This list included multiple genes involved in 
amino acid metabolism and transport and genes known 
to contain an AARE and to respond to ATF4 binding, 
e.g. ASNS, DDIT4 (also known as REDD1), TRIB3, 
DDIT3 also known as CHOP (16). In this analysis, 
ATF4 was also found to be upregulated but at a lower 
level (Table 2, the knockdown of GSPTl/eRF3a which is 
targeted by si-3al is also shown). Surprisingly, ATF3 that 
also contains an AARE and responds to ATF4 binding 
(38), and GADD34 that seems to be not directly regulated 
by ATF4 but is a downstream target of the eIF2a kinase/ 
ATF4-dependent stress response pathways, were not sig- 
nificantly upregulated, ~1.17- and ~ 1.28-fold, respect- 
ively. The analysis of polysome-associated RNA 
confirmed the results obtained with total RNA. Using 
the same requirements to identify significant differentially 
expressed genes as described above for total RNA, we 
obtained a list of 194 genes that were upregulated more 
than 2-fold in the polysomal fraction of eRF3a-depleted 
cells (see Table 3 for the top 50 of these genes and 
Supplementary File S2-polysome for the entire list). As 
shown in Table 3, a number of these genes are also 
involved in amino acid metabolism, transport and 
respond to ATF4 binding, including ASNS, DDIT4/ 
REDD1, TRIB3, DDIT3/CHOP. These results indicated 
that eRF3a depletion induced the ATF4 response. 

Validation of the microarray results 

qRT-PCR assays were used to verify the results of the 
gene expression changes measured using microarrays, 
with particular focus on ATF4 and classic ATF4 target 
genes, including ASNS, REDD1, TRIB3 and CHOP. The 
mRNA for B2M, which was found to be stable in the 
microarray analysis (fold change = 1.03), was used as 
the endogenous reference mRNA in the qRT-PCR 
assays. GSPT1 gene encoding eRF3a was used as a 
control to assess efficient eRF3a depletion. As shown in 
Figure 1A, based on three independent electroporation 
experiments, the ATF4, ASNS, REDD1, TRIB3 and 
CHOP genes were significantly upregulated in HCT116 
cells electroporated with sh-3al compared to control 
cells electroporated with sh-Ctrl. Equivalent results were 
obtained using another shRNA, sh-3a9 (Supplementary 
Figure SI), which was previously shown to efficiently 



target eRF3a mRNA (26). qRT-PCR data correlated 
well with the microarray results although the expression 
changes were higher than those observed in microarray 
analysis. This was likely due to differences in method 
sensitivity. 

For selected genes, microarray results were also con- 
firmed at the protein level by western blot analysis. The 
time course of ATF4, ASNS and REDD1 protein levels 
was examined in eRF3a-depleted cells and control cells 
(Figure IB, sh-3al and sh-Ctrl, respectively; an additional 
experiment is presented in Supplementary Figure S2) at 
24, 48 and 72 h after electroporation. We have previously 
shown that p70 S6 kinase 1 (S6K1) and the eucaryotic 
initiation factor 4E-binding protein 1 (4E-BP1), two 
direct targets of mTOR kinase activity, were 
hypophosphorylated upon eRF3a depletion (31). Thus, 
we examined S6K1 and 4E-BP1 phosphorylation status 
to monitor the inhibitory effect of eRF3a depletion on 
mTOR activity. For each western blot experiment, either 
a-tubulin (a-TUB) or (3-actin (P-ACT) levels served as the 
loading control. Consistent with the results of microarrays 
and qRT-PCR analyses, the levels of ATF4, ASNS and 
REDD1 were significantly increased at 48 and 72 h of 
eRF3a depletion. Concomitantly, the phosphorylation of 
S6K1 (Figure IB and Supplementary Figure S2) and 
4E-BP1 (supplementary Figure S2) was reduced. Since 
the phosphorylation of eIF2a is an established marker in 
the cellular response to a variety of stresses promoting 
ATF4 activity (18), the eIF2a phosphorylation status 
was also examined. Interestingly, the level of eIF2a phos- 
phorylation (P-eIF2a) was not increased in 
eRF3a-depleted cells when compared to control cells 
(Figure IB and Supplementary Figure S2), suggesting 
that ATF4 upregulation was not induced through the ac- 
tivation of one of the four kinases which converge to 
P-eIF2a/ATF4 axis. 

To assess the increase of ATF4 transcriptional activity 
in eRF3a-depleted cells, we used a stable cell line 
(2XAARE-TRIB3-TKLUC cells) expressing a luciferase 
gene under the control of two copies of TRIB3 AARE 
core sequence inserted upstream of the minimal herpes 
simplex virus promoter for thymidine kinase (TK). It 
has been demonstrated in vitro (39) and in vivo (33) that 
ATF4 binds the TRIB3 AARE in response to ER stress 
and to amino acids starvation. The 2XAARE- 
TRIB3-TKLUC cell line was electroporated with either 
sh-3al directed against eRF3a mRNA or control 
shRNA (sh-Ctrl) and 48 h later luciferase activity was 
monitored. As shown in Figure 1C, eRF3a depletion 
induced a ~5-fold increase in luciferase activity suggesting 
that ATF4 binding to TRIB3 AARE was enhanced. 
Together with the results of microarrays, qRT-PCR and 
western blot analyses, this observation indicated (i) that 
ATF4 expression was upregulated in eRF3a-depleted cells 
and (ii) that this upregulation did not involve eIF2oc 
phosphorylation. 

Remembering that ATF4 mRNA 5'-UTR contains 
uORFs that modulate ATF4 ORF translation (14,15), 
and that the presence of these uORFs also promote 
ATF4 mRNA degradation by the nonsense-mediated 
decay (NMD) pathway (40,41), we set out to test 
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Table 2. Genes differentiality expressed following eRF3a depletion, total RNA 
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"When more than one probe was identified for a single gene, only the probe giving the highest fold change is shown. 
b Benjamini and Hochberg multiple test correction, FDR < 0.05. 



whether eRF3a depletion modifies ATF4 mRNA transla- 
tion and stability. 

Modulation of ATF4 mRNA stability in 
eRF3a-depleted cells 

Fo assess whether eRF3a depletion influences ATF4 
mRNA stability, we performed stability assays with 
mRNA from cells electroporated with sh-Ctrl and 
sh-3al and treated for various times (0-6 h) with 
Actinomycin D. We then examined ATF4 mRNA decay 
by northern blotting using B2M mRNA as a control. In a 
parallel experiment, we used shRNAs directed against 
Upfl mRNA (32) to measure AFF4 mRNA decay when 
NMD is inhibited. As shown in Figure 2, depletion of 
eRF3a moderately increased (~1.5 fold) the steady-state 
abundance and half-life of AFF4 mRNA. By comparison, 
Upfl depletion induced a 3-fold extension of ATF4 
mRNA half-life. This suggested that the prolonged 
ATF4 mRNA half-life in eRF3a-depleted cells could be 
due to a partial inhibition of ATF4 mRNA decay driven 



by the NMD pathway. Indeed, it is well documented that, 
due to the presence of uORFs in its 5'-UTR, ATF4 
mRNA is sensitive to NMD (40). However, by decreasing 
the translation termination efficiency and promoting 
translational readthrough (26,27), eRF3a depletion could 
also affect the regulation of ATF4 translation that is de- 
pendent on uORFs translation. 

eRF3a depletion induces translational readthrough at 
ATF4 mRNA uORFl and increases ATF4 ORF 
translation 

In ATF4 5'-UTR, the two uORFs, uORFl and uORF2, 
are separated by ~90 bases and an additional 100 bases 
separate uORF2 and ATF4 ORF initiation codons. To 
determine the effect of shRNA-mediated depletion of 
eRF3a on ATF4 ORF translation, we constructed a 
luciferase expressing vector containing the human ATF4 
5'-UTR and the 5'-end of ATF4 ORF fused to firefly 
luciferase (FLuc) gene (Figure 3A). HCT116 cells were 
electroporated with either sh-3al or sh-Ctrl and 48 h 
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Table 3. Genes differentiality expressed following eRF3a depletion, polysomes, top50 
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"When more than one probe was identified for a single gene, only the probe giving the highest fold change is shown. 
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later, cells were cotransfected with the 5'-UTR- 
ATF4-FLuc construct and the control plasmid expressing 
Renilla Luc gene using Lipofectamine 2000 (Invitrogen). 
Twenty-four hours later, Renilla and Firefly luciferase 
activities were measured in cell extracts. The depletion of 
eRF3a mediated by sh-3al led to a significant ~5-fold 
increase in Firefly luciferase relative activity (Figure 3A). 
As steady-state level and stability of the 5'-UTR- 
ATF4-FLuc mRNA were not affected in cells electro- 
porated with sh-3al when compared to cells 



electroporated with sh-Ctrl (Figure 3B), our results sug- 
gested that eRF3a depletion increased translation of 
ATF4 ORF by inducing readthrough at uORFl stop 
codon. The readthrough at uORFl UAG stop codon 
extended translation to the next in frame stop codon, a 
UAA codon located only three bases upstream of uORF2 
initiator AUG. This very short distance is not sufficient to 
allow the binding of the eIF2-GTP-Met-tRNA Met ternary 
complex to the small ribosomal subunit and translation 
reinitaition at uORF2 AUG. Conversely, the 100 bases 
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Figure 1. eRF3a depletion activates the ATF4 response. (A) qRT-PCR performed on total RNA of HCT116 cells 3 days after electroporation with 
shRNA targeting eRF3a mRNA (sh-3al) or control shRNA (sh-Ctrl). The ratio of mRNA levels in sh-3al versus sh-Ctrl electroporated cells was 
calculated. Bars and error bars correspond to averages and SD from at least three independent experiments. mRNA levels of ATF4, selected targets 
of ATF4 (ASNS, REDD1, TRIB3 and CHOP) and GSPT1 -encoding eRF3a are shown. (B) Western blot analysis of the time course of expression of 
eRF3a, total S6K1, S6K1 phosphorylated form (P-S6K1), ATF4, ASNS, REDD1 and the phosphorylated form of eIF2a (P-eIF2a) at 24, 48 and 
72 h, respectively, after electroporation of cells with sh-3al or sh-Ctrl as indicated; a-TUB and p-ACT served as loading controls. Quantification of 
the signals (see 'Materials and Methods' section) are shown below each panel. Each signal was divided by the signal elicited by the reference protein, 
either a-TUB or P-ACT. For each time point, the control experiment was set to 1 (ND, not detected). (C) The 2XAARE-TRIB3-TKLUC cell line 
that expresses a Luc reporter driven by two AAREs upstream of the TK minimal promoter was electroporated with sh-3al or sh-Ctrl; (NT) 
corresponds to non-treated cells. Luciferase activity was calculated as the ratio of light units to microgram of protein and expressed as RLU. 
Bars and error bars correspond to averages and SD from three independent experiments, ^-values (two-tailed Student's /-test) are indicated for the 
relevant samples. 



separating the UAA stop codon of the elongated uORFl 
from ATF4 ORF start codon are sufficient to allow the 
small ribosomal subunits that have resumed scanning, to 
be recharged with the ternary complex and to reinitiate 
translation at ATF4 AUG. This mechanism could 



explain how eRF3a depletion promotes translational 
upregulation of ATF4. 

It has been previously reported that the two uORFs 
present in the 5'-non-coding portion of the ATF4 
mRNA are conserved among vertebrates including the 
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Figure 2. ATF4 stability in HCT116 cells after electroporation with control shRNA (sh-Ctrl) or shRNAs targeting either eRF3a mRNA (sh-3al) or 
Upfl mRNA (sh-Upfl). Two days after electroporation, cells were treated with Actinomycin D (5ug/ml) for various time as indicated and total 
RNA was extracted. (A) After RNA separation on denaturing agarose gel, northern blot analysis was performed using ATF4 and B2M probes (B2M 
probe served as a loading control). (B) The signals were quantified using the Storm 860 Imaging system (Molecular Dynamics) and the ImageQuant 
software, and plotted as the ratio of ATF4 to B2M signals. Half-lives and decay constants were calculated from the regression curves. 



length of the uORFs and the distances separating their 
initiation codons (15). Re-examining ATF4 5'-UTR of 
various species, we found that uORFl UAG stop codon 
and the following in frame UAA stop codon preceding 
uORF2 were also remarkably conserved in mammals 
(see the alignment in Supplementary Figure S3). This con- 
servation strongly suggested that, in addition to the 
distance separating uORFl and uORF2, both stop 
codons (uORFl UAG and in frame UAA) and their 
distance to ATF4 AUG also played a crucial role in 
ATF4 translational control. 

The increase in REDD1 expression is responsible for 
mTOR inhibition in eRF3a-depleted cells 

REDD 1 was originally identified during a screen for genes 
whose expression was altered in response to hypoxia in 
cultured cells (42) and in subsequent studies, REDD1 ex- 
pression was shown to be upregulated in response to a wide 
variety of cell stresses including ER stress (43). It has also 
been shown that increased ATF4 expression is both neces- 
sary and sufficient for upregulation of REDD1 expression 
in response to ER stress (43). Besides, other recent studies 
have shown that REDD1 is an upstream regulator of 
TSC1/TSC2 complex activity, which acts to repress signal- 
ing through the mammalian target of rapamycin complex 1 
(mTORCl) in mammalian cells (44-46). In view of our 
earlier finding that eRF3a depletion inhibits mTOR 
activity (31), and of the results presented above showing 
that eRF3a depletion induced ATF4 response, we further 
investigated whether REDD1 overexpression triggered by 
ATF4 activation was responsible for mTOR inhibition in 
eRF3a-depleted cells. We have tested whether REDD1 
knockdown affected the phosphorylation status of three 



well-known markers of mTORCl activity, 4E-BP1 
(Thr37/46), S6K1 (Thr389) and ribosomal protein S6 
(Ser240 and Ser244), in eRF3a-depleted cells. At 24 h 
after electroporation with sh-3al or sh-Ctrl, HCT116 
cells were transfected with either predesigned siRNAs 
directed against REDD1 mRNA or control siRNA using 
Lipofectamine 2000 (Invitrogen). Western blot analyses 
performed 24 h later showed that the knockdown of 
REDD1 in eRF3a-depleted cells restored S6K1, S6 and 
4E-BP1 phosphorylation at levels comparable to those of 
control cells (Figure 4 and Supplementary Figure S4). 
These results strongly suggested that the inhibition of 
mTORCl activity induced by eRF3a depletion was due 
to the increase in REDD1 expression. 



DISCUSSION 

Completing our previously published data showing the 
inhibition of mTOR pathway in human eRF3a-depleted 
cells (31), we elucidate here the mechanism leading to this 
inhibition. Using large-scale analyses of gene expression, 
we first show that eRF3a depletion induces the expression 
of a number of genes known to be upregulated during the 
ER stress and amino acid deprivation, and to be under the 
control of the transcriptional activator ATF4. However, 
some genes that were also described to be activated by 
ATF4, including ATF3, GADD34, SNAT2 (SLC38A2) 
and CAT-1 (SLC7A1), are not present in the list of the 
transcripts upregulated by a factor 2 upon eRF3a deple- 
tion. Nevertheless, these transcripts are upregulated by a 
factor of at least 1.3 in both total RNA and polysome- 
associated RNA of eRF3a-depleted cells (data not 
shown). It has been reported that elevated ATF4 
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Figure 3. eRF3a depletion increases ATF4 ORF translation. Two days after electroporation with shRNA targeting eRF3a mRNA (sh-3al) or 
control shRNA (sh-Ctrl), cells were cotransfected with plasmids expressing firefly (p5'-UTR-ATF4-FLuc) or Renilla (pRL-TK) luciferases. (A) The 
situation of ATF4 uORFl, uORF2 and ATF4-FLuc fusion ORF in plasmid p5'-UTR-ATF4-FLuc is represented above the graph; the hatched box 
correspond to the elongated uORFl. Dual luciferase assays were performed in triplicate at 24 h after transfection. The graph shows six independent 
transfection experiments. For each experiment, bars and error bars correspond to averages and SD of the luciferase assay triplicates. The average 
values (avg) and SD of the six experiments are indicated on the graph with the P-value (two-tailed Student's r-test) and fold change of luciferase 
activity for sh-3al versus sh-Ctrl electroporated cells. (B) Stability of FLuc reporter mRNA in HCT116 cells after electroporation with shRNA 
targeting eRF3a mRNA (sh-3al) or control shRNA (sh-Ctrl). Three days after electroporation, cells were treated with Actinomycin D (5 ug/ml) for 
various time as indicated. Total RNA was extracted and separated on a denaturing agarose gel prior northern blot analysis. The membrane was 
probed with LUC probe and B2M probe that served as a loading control. 



expression alone is sufficient to trigger the amino 
acid-responsive transcriptional control program (47). 
However, these results also suggest that other factors 
may serve to enhance ATF4 function. Recently, Dey 
et al. (48) addressed the question of the regulatory mech- 
anisms governing the variable ATF4 expression in 
response to eIF2a phosphorylation and different stress 
conditions. Their major conclusion is that the versatility 
of gene expression during stress responses is likely due to a 
combined effect of transcriptional and translational 
control of ATF4. They also suggest that, in addition to 
ATF4, other target genes activated by eIF2oc phosphoryl- 
ation may function in conjunction with ATF4 to modulate 
the cellular response to stress. Indeed, genes containing 5'- 
uORF in their transcript are good candidates to be 
upregulated in response to eIF2a phosphorylation (48). 
The answer to the question of what is responsible for 
the upregulation of genes during stress is not obvious. 
Genes, such as ASNS and CHOP, contain both 5'- 
uORFs in their transcript (41) and ATF4-responsive 
elements in their promoter (16). Thus, it is difficult to 
evaluate the contribution of each of these two elements 



in the upregulation of their expression. In our experi- 
ments, we also found an upregulation of well-known 
ATF4-activated genes as well as other genes that are not 
considered to be under ATF4 control. As an example, the 
transcript of IFRD1, which is a transcriptional 
co-repressor that controls the growth and differentiation 
of various cell types (49), is upregulated in total RNA as 
well as in polysome-associated mRNA of eRF3a-depleted 
cells (1.81- and 2.21-fold, respectively; see Supplementary 
Files SI -RNA and S2-polysome). It was recently shown 
that a 5'-uORF regulates IFRD1 mRNA translation 
during cellular stress (50). Therefore, we suspected that 
the effect of eRF3a depletion has something in common 
with the response to stress. 

However, the experimental conditions we used here 
differ from those used to induce the stress response. The 
differential expression of genes was monitored after a 72 h 
long depletion of eRF3a, whereas most of the cellular 
stresses, such as tunicamycin treatment or amino acid de- 
privation, are applied for shorter periods of time, cur- 
rently, 4-12 h (51,52). When compared to the ATF4 
response to stress, the differences we observed in the 
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Figure 4. REDD1 knockdown alleviated mTOR inhibition in 
eRF3a-depleted cells. At 24 h after electroporation with sh-3al (lanes 
1 and 2) or sh-Ctrl (lanes 3 and 4), HCT116 cells were transfected with 
either predesigned si-R9 siRNA directed against REDD1 (lanes 2 and 
4) or control siRNA (lanes 1 and 3) using Lipofectamine 2000 
(Invitrogen). The predisigned si-R9 siRNA allows an efficient 
knockdown of REDD1 (see Supplementary Figure S4). Western blot 
analysis was performed 24 h later to measure the levels of REDD1, 
phosphorylated S6K1 (P-S6K1). total S6K1, phosphorylated ribosomal 
protein S6 (P-S6), total ribosomal protein S6 (S6), phosphorylated 
4E-PB1 (P-4E-BP1) and a-TUB that served as loading control. 
Quantification of the signals (see 'Materials and Methods' section) 
are shown below each panel. Each signal was divided by the signal 
elicited by the a-TUB reference protein. The control experiment 
(lane 3) was set to 1. 



ATF4 response to eRF3a depletion could be due to these 
differences in timing and duration that may allow complex 
regulatory mechanisms, including feedback control loops, 
to take place. In order to have an efficient knockdown of 
eRF3a expression, our analysis of the effects of eRF3a 
depletion was performed 72 h after electroporation of 
shRNA targeting eRF3a. As shown in Supplementary 
Figure SIB for mRNA levels and Figure IB for ASNS 
and REDD1 protein levels, the time course of the 
increase in the expression of the ATF4 target genes 
follows that of the decrease in eRF3a. 

Our results showing that the phosphorylation status of 
eIF2a is not modified in eRF3a-depleted cells indicate that 



the ATF4 response to eRF3a depletion is not due to the 
activation of stress response pathways. Alternatively, our 
results demonstrate that the ATF4 response is caused by 
translation termination deficiency. The defect in eRF3a 
leads to a decrease in translation termination efficiency 
and induces translational readthrough of stop codons 
(26,27). In the case of ATF4 mRNA, this increase in 
readthrough modifies its translational regulation that 
relies on the presence of two 5'-uORFs (14,15). It has 
been shown previously that the change of ATF4 uORFl 
stop codon into sense codon increased translation of the 
downstream ATF4 ORF, by-passing the inhibitory 
uORF2 (14). The situation is identical in the case of 
readthrough at uORFl stop codon. This means that the 
efficiency of readthrough and thereby the efficiency of 
translation termination modulate ATF4 expression at 
the translational level. It is interesting to note that the 
distance separating the in-frame UAA stop codon of the 
elongated uORFl from ATF4 ORF is optimal for 
reinitiation at ATF4 initiation codon in the absence of 
stress, i.e. when eIF2a phosphorylation is low. 
Reinforcing the previous observation of Vattem and 
Wek (15), that the regulatory elements of ATF4 5'-UTR 
are conserved among vertebrates, we observed that, not 
only uORFs and the distance in between, but also, the 
number of stop codons, the nature of these stop codons 
and their nucleotide context, which greatly influence the 
efficiency of readthrough (53), are well conserved at least 
in mammals (see Supplementary Figure S3). The conser- 
vation of the regulatory elements in ATF4 5'-UTR further 
substantiates the notion that translation termination effi- 
ciency modulates ATF4 expression in mammals. 

It has been reported that ATF4 mRNA was subject to 
degradation by the NMD pathway (40,41). In this study, 
we observe an increase in ATF4 mRNA half-life upon 
eRF3a depletion (Figure 2), and we hypothesize that this 
could be due to a partial inhibition of the ATF4 mRNA 
decay driven by the NMD pathway. ATF4 mRNA is 
likely targeted by NMD due to the presence of uORFl 
stop codon, which plays the role of a premature stop 
codon. The second element required for NMD to take 
place in mammalian cells is the presence of an exon 
junction complex (EJC) downstream of the premature 
stop codon. The EJC is assembled on a newly formed 
mRNA at a region 24-nt upstream of splice junctions 
and premature stop codons have been shown to elicit 
NMD when positioned >50-nt upstream of an exon- 
exon boundary (54). Examining ATF4 gene from 
various mammalian species, we note that a conserved 
first intron is located within the 5'-UTR sequence, at 
~90 nt of uORFl stop codon, immediately downstream 
of uORF2 initiation codon. Thus, during the first round of 
translation, the ribosome that has translated uORFl can 
trigger NMD before reinitiating at uORF2. In the case of 
readthrough at uORFl stop codon, the ribosome pursues 
translation in the region separating uORFl from uORF2 
and removes the EJC, thus preventing ATF4 mRNA deg- 
radation by NMD. However, this happens only when the 
readthrough occurs at the pioneer round of translation, 
explaining the moderate increase in ATF4 mRNA half-life 
when compared to that in Upfl -depleted cells (Figure 2). 
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Nevertheless, in addition to enhance ATF4 ORF transla- 
tion, the readthrough of stop codon induced by eRF3a 
depletion may also stabilize ATF4 mRNA, which could 
contribute to the increase in ATF4 expression. Together, 
the ~2-fold increase in ATF4 mRNA steady-state level 
observed by microarray and qPCR analyses and the 
~ 5-fold increase in ATF4 ORF translation (Figure 3 A) 
are in good agreement with the ~9-fold increase in 
ATF4 protein observed by western blot in eRF3a- 
depleted cells (Figures IB and Supplementary Figure S2). 

We have previously shown that, in contrast to eRF3a 
depletion, suppressor tRNA overexpression had no effect 
on cell cycle progression in HCT116 cells (31). Since 
eRF3a depletion and suppressor tRNA overexpression 
can both induce readthrough of stop codons, we 
anticipated that the modifications of cell cycle observed 
in eRF3a-depleted cells were not the consequence of the 
effect of stop codon readthrough on proteins essential for 
cell cycle progression. This conclusion was re-evaluated in 
the light of the finding presented here of an effect of 
eRF3a depletion on ATF4 expression. Consistent with 
the results obtained on cell cycle, overexpressed amber, 
ochre or opal suppressor tRNAs neither increased ATF4 
and REDD1 protein expression nor induced ATF4 tran- 
scriptional activity in 2XAARE-TRIB3-TKLUC cells 
(Supplementary Figure S5A and S5B, respectively). 
Nevertheless, ATF4 ORF translation was increased 
~ 1.7-fold by amber suppressor tRNA overexpression, 
which can suppress ATF4 uORFl amber UAG stop 
codon, when compared to opale suppressor tRNA over- 
expression (Supplementary Figure S5C). This result is 
rather surprising when compared to the 5-fold increase 
in ATF4 ORF translation obtained with eRF3a depletion. 
Of course, the context surrounding ATF4 uORFl stop 
codon could be more favorable for the readthrough 
induced by eRF3a depletion than for the readthrough 
induced by amber suppressor tRNA overexpression. 
However, the mechanisms of stop codon readthrough 
induced by either suppressor tRNAs or eRF3a depletion 
are profoundly different. The overexpressed artificial 
amber suppressor tRNA recognizes the UAG stop 
codon as does a cognate tRNA for a sense codon and 
translation elongation continues until the next non-UAG 
stop codon is encountered, then translation termination 
takes place with normal efficiency. In the case of eRF3a 
depletion, normal cellular tRNAs that are primarily 
needed for reading their cognate sense codons, recognizes 
UAG stop codons as near cognate tRNAs, slowing down 
the elongation process. At the next stop codon, either the 
same mechanism takes place or alternatively, translation 
terminates with a low efficiency due to the defect of trans- 
lation termination complexes. These differences can pro- 
foundly modify the mechanism of reinitiation at a 
downstream initiation codon and could explain the 
results obtained for ATF4 ORF translation, which relies 
on a readthrough-reinitiation process in both cases, sup- 
pressor tRNA overexpression and eRF3a depletion. 
Although the overexpressed amber suppressor tRNA 
induced a slight increase in ATF4 ORF translation, it 
was surprising that it did not induce the ATF4 response. 
Examining ATF4 mRNA level, we repeatedly found that 



it slightly decreased in suppressor tRNAs overexpressing 
cells (Supplementary Figure S5D), suggesting that ATF4 
was transcriptionally repressed in response to suppressor 
tRNA overexpression. These results remind those 
obtained in response to UV irradiation, for which, 
despite an increased ATF4 mRNA translation, the 
lowered availability of the ATF4 transcript significantly 
reduces the amount of ATF4 synthesized, thus blocking 
ATF4 induction (48). 

One of the consequences of the increase in ATF4 syn- 
thesis in response to eRF3a depletion is an elevated ex- 
pression of REDD1. Recent studies have now confirmed 
the role of REDD1 as an inhibitor of mTOR pathway, 
showing that overexpression of REDD1 is sufficient to 
downregulate mTOR substrate phosphorylation, whereas 
REDD1 disruption in mice prevents mTOR substrate 
dephosphorylation under stress condition (44-46). 
Confirming this role of REDD1 on mTOR, our results 
demonstrate that the elevated level of REDD1 in 
eRF3a-depleted cells is the cause of mTOR inhibition 
(Figure 4 and Supplementary Figure S4). Since eRF3a 
depletion promotes the ATF4-induced overexpression of 
REDD1 that leads to mTOR inhibition, the efficiency of 
translation termination can be added to the growing list of 
mechanisms controlling the mTOR pathway. 

However, are there physiological circumstances for 
which this so far unappreciated regulatory mechanism 
could take place? Such situations require the depletion 
of eRF3a. The mTOR kinase plays a key role in cell 
growth and cell cycle progression and, from yeast to 
mammals, genes encoding eRF3 have long been con- 
sidered as cell cycle regulatory genes (28,30). In 
addition, eRF3a abundance that is controlled by the ubi- 
quitin-proteasome degradation pathway, regulates the 
translation termination complex formation and thus is a 
major determinant of translation termination efficiency 
(29). We have also reported that eRF3a depletion causes 
cell cycle arrest at Gl phase via mTOR inhibition (31). 
There is at least one reported physiological situation for 
which eRF3a depletion is connected with an arrest of cell 
division. Studying human articular chondrocytes differen- 
tiation, Tallheden et al. (55) have shown that the transi- 
tion from proliferation to differentiation, a process which 
takes place without change in cell number, was associated 
with a 5- to 10-fold decrease in eRF3a gene (GSPT1) ex- 
pression. Whether the decrease of eRF3a in these cells is 
accompanied by a decrease in translation termination ef- 
ficiency and by an increase in the ATF4 response remain 
to be elucidated. 
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